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INTRODUCTION

Hydrogen Permeation:

The low temperature permeation of hydrogen through steel

and other materials has been a subject of broad interest since the

phenomenon was first reported in 1863 (1). The phenomenon has

been known and studied for more than 100 years, but the mech-

anism(s) of hydrogen entry and transport in metals remain contro-

versial ant! subject to continuing research and discussion (2)

While the subject is of considerable theoretical interest,

it also has important practical aspects. Hydrogen embrittlement

and stress corrosion crackinu are serious engineering problems ,

and hydrogen permeation is an important aspect of these phenom-

ena (3-8).

Table 1 is a summary of some data on low—temperature hydro-

gen permeation rates which have appeared in the literature. From

this it is obvious that a wide variation in data exists , and a

given researcher cannot compare his results with those obtained

in another laboratory with any degree of certainty . This problem

has been discussed at length by several authors. The variation

in data can be attrib.~ted to a number of causes, some of which

have been generally recognized (9—10), and some of which have not.

These include:

1. Variations in calculation techniaue. This is a matter

of continuing controversy and no generally-accepted means

of calculating hydrogen permeation rates now exists (11-

14 ) .

2. Variations in hydrogen f lux  level . Hydrogen permeation

is concentration dependent, and differences in inlet sur- 

.~~~~,— —~
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face hydrogen f l u x  can be demonstrated to dras t ica l ly

a l te r  the hydrogen permeation rate in ferrous alloys

and other ma terials ( 15-16)

3. Variat ion in in l e t—sur face  reactions . The effects  of

di f ferences  in inlet surface preparation procedures , to

include cleaning method, surface roughness and coatings

on sample surfaces have all been mentioned as reasons

for alterations in hydrogen permeation behavior (10 , 13,

15) .

Two genera l methods of measuring hydrogen permeation have

been widely reported. Both involve introduction of hydrogen into

one side of a metal membrane and measuring the rate at which it

arr ives  at the opposite side of the membrane. Introduction of

hydrogen into a meta l from a gaseous phase has the advantage of

easy control of relative inlet f luxes  ( 1 6) ,  and it has been widely

used in the study of elevated temperature hydrogen permeation in

metals. However , this technique is limited to relatively low

fluxes, and it cannot duplicate the high hydrogen flux levels of

inte rest in low temperature stress corrosion and hydrogen embrit-

t lement studies ( 1 0) .  Electrolytic generation of hydrogen at

cathodic metal surfaces can produce higher hydrogen concentra-

tions in metal membranes and is the other common source of hydro-

gen for permeation experiments .

The hydrogen which permeates a membrane can be measured using

qas pressure devices (19) , mass spectrometers (20 )  or , more re-

cen tl y,  using a potentiostatic technique (19 , 21) .

Analys is  of hydrogen permeation data reveals a number of

problems inherent in all permeation experiments . Variations in

Is . . 
_ __..-_ —.



surface entry kinetics can greatly alter the measured f lux rates .

In 1941 Barrer (19) cited a lack of understanding of surface

entry parameters as a major problem , and this problem has per-

sisted to the present (13,17)

Some methods exist for separating surface effects from mass

transport effects (e.g., comparison of the effects of membrane
p.

thickness on permeation rate ) ( 13) , but this remains one of the

more important problems related to analyzing all types of permea-

tion data (9 ) . Solubility effects  can a f f e c t  mass transport through

membranes of all types (19 , 22 ) . Alterations in hydrogen trap

densities, due to the interaction of the permeating hydrogen with

the sample membrane , can be expected to occur during permeation

experiments , and thus the effect ive “ solubili ty” of hydrogen in

a sample will change during the course of a permeation experiment.

The sub stantial differences in hydrogen concentration between a

sample inlet surface (high concentration) and the exit surface

(normally assumed to be near zero) mean that concentration-dependent

differences in hydrogen-membrane interar-tions will not be uniform

throughout any given sample .

One method of overcoming di f f erences in hydrogen entry kine-

tics and in concentration—dependent hydrogen—membrane interactions

has been to use the same sample for a number of experiments , and

to obtain “replicate” results by performing the same experiment

on a sample after a number of charging and outgassing cycles have

been performed and the sample has reached a “constan t” permeability

(13,23-24). This approach is of questionable merit if the purpose

of a study is to evaluate the initial reac tion of a metal with a

_ _  
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hydrogen-containing environment, such as might be the case if

stress corrosion or hydrogen embrittlement were being studied .

It may have justification for studying the d i f fus ion, as opposed

to trapping, aspects of permeation .

Problems in obtaining reproduceable hydrogen fluxes from

sample to sample have also led to the practice of comparing rela-

tive fluxes, i.e. the flux at a given time in an experiment is

expressed as a fraction of the steady-state flux obtained after

a lonqer period of time. This “normalized flux” allows compari-

sons which cannot be made from direct measurements of hydrogen

fluxes which may reach widely varying steady states (23).

A recent Cornell University report mentions the lack of

apparent steady state fluxes in hydrogen permeation experiments

involving electrochemically—generated hydrogen permeation in iron

membranes (13). This confirms previously reported results at the

University of Rhode Island (10,25—26).

The Electrochemical Hydrogen Permeation Technique:

The electrochemical hydrogen permeation technique was first

introduced by Devanathan and Stachurski (21) and later refined by

Bockris, Nanis, and coworkers at the University of Pennsylvania.

It has the advantages of simplicity, low cost of the equipment

involved, and the possibility for measuring the effects of widely

varying hydrogen inlet fluxes on the permeation rates of hydrogen

through metals. Unfortunately , the method has not been uniformly

applied, and many organizations have encountered difficulties in

employing this supposedly simple techniaue (10). Variations in

the data reported using this technique can be ascribed to all of

the reasons discussed previously . Nonetheless , this technique

I 
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has great  promise and , w i t h  prope r development , c~~u 1d p odu~~ t h e

type of reproduceable data which has been unavailable up to now .

The need for such data has been well documented and discussed (3,

10). One side of the sample (the right, or exit, side in Figure

1) is exposed to an aqueous solution and maintained at a constant

anodic potential by means of a potentiostat. The current neces-

sary to hold this sample at the preset potential is allowed to

equilibrate to a minimum current value. Once a steady state back-

2ground level is reached (less than 1 microamp/cm ), hydrogen is

introduced into the opposite side of the sample by means of elec-

trolysis or by gas-phase charging (21). The atomic hydrogen which

passes through the sample and reaches the exit surface is imn’ed-

iately oxidized to hydrogen ions by the potentiostatic circuit.

The change in current necessary to maintain the exit surface at

the preset potential is a measure of the flow of hydrogen to the

exit surface. Immediate oxidation of all atomic hydrogen reach-

ing the exit surface maintains the hydrogen content at (or near)

the surface very close to zero. Measurements of the time to achieve

measurable flux at the exit surface, the shape of the permeation

buildup curve (measured current, or calculated flux, versus time),

and the total steady state flux then can be related to sample

thickness, experimental temperature, and a wide number of other

variables (10)

The apparatus shown in Figure 1 can be adapted for gas-phase

charging by substituting a hydrogen-containing gaseous environ-

ment for the left—hand , or inlet, cell. The exit side of the ap-

paratus remains the same.
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PURPOSE

The final report on a previous contract (26) summarized

the advantaqes of the electrochemical permeation cell shown in

Figure 2 over the cell shown in Figure 1, which is typical of

those in use at other universities . The additional research

necessary to develop the electrochemical hydrogen permeation

technique included the following objectives:

1. Development of a method to reproduceably charge the same

amounts of hydrogen into the inlet  surfaces of replicate

permeation samples .

2. Determination of whether or not the lack of long-term

steady-state hydrogen permeation fluxes , reported in

Reference 25, was a real phenomenon , which had not been

reported by other laboratories, or was the result of

some experimental artifact which had not been identified .

3. Comparison of the effects of metallurgical variables on

hydrogen permeation .

EXPERIMENTAL PROCEDURE

The permeation cell shown in Figure 2 was used for all elec-

t rochemically-generated hydrogen charging experiments undertaken

in this study . The glass cell shown in Figure 3 was adapted for

gas-phase charging experiments , but the right-hand , or exit, side

of the experimental apparatus was maintained as shown . De tails

of both of these configurat ions are contained in a previous re-

port (2 5 ) .
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The electrolyte used in al l  elect.rochemical cells was 0 . 2  N

NaOH . Th is caus tic solution is similar  to the electrolytes re-

ported in other laboratories ( 15 , 22 , 2 7 — 2 8 , 30 , 33—35 ) . Othe r orga-

nizations have reported the use of sulfuric acid electrolytes

( 15 , 36—38 ) , but the possibility of pH s h i f t s  seemed to d ic ta te

agai nst the use of acid electrolytes , especially in the in let

cells whe re current  densities would be higher  ( 2 5 )  . A recent

report f r om MIT discusses experimenta l evidence to support sub-

s tan t ia l  pH shif ts at cathodical ly—charged electrode surfaces  (15)

The introduction to this report mentioned problems with  re-

produceabil i ty of hydrogen f l uxes between supposedly rq.licate

samples of i ron.  Changes in permeation rates could he due to

uniden t i f i ed  d i f fe rences  in surface preparation or experimental

exposure . The other possibility is that the “ permeabili ty” of

the iron samples was not ident ical .  Preliminary e f f o r t s  in this

laboratory u t i l ized replicate permeation samples removed from a

sinqie large sheet of Arnico iron -- the most commonly reported

pe rmeation membrane ma te r i a l .  An earlier report from the Univer-

si ty of Rhode Island ( 2 6 )  indicated that sat isfactory reproduce-

abil ity between replicate samples had been obtained using Armco

iron. Subsequent experiments indicated that Ferrovac E iron would

have bet ter reproduceabilitv , and this is the substrate which ha~
been used for all f ina l  results in this report and in the one

earl ier  report on this contract ( 2 5 ) .

~1.
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RESULTS AN D DI SCU SSION

Reacti v i ty  of Entry and Exi t  Surfaces:

Any permeation membrane has , as a minimum , three types of

reactions: sur face  reactions at the in le t  surface, mass t ransport

th rough the membrane , and surface  reactions at the exit surface .

In order to study the e f fec ts  of me tal lurgical or environmental

variables on any one of these sets of reactions means must be

found to keep the other reactions constant , ur cha nging in a

known manner .

Exposure of the exit  side of an iron permeation membrane to

an e lectrolyte, such as NaOH , wi l l  cause the formation of a pas-

sive f i l m  of some sort  under mos t condi tions of potential and pH.

The a l t e rna t ive  to this is the occurrence of active corrosion ,

• the format ion of metal—containing ions as products of reaction

between the me tal and its environment. Obviously, ei ther type of

reaction could lead to altered , or uncon trolled , exit surface

hydrogen reaction kinet ics.

Similar  reactions , and resultant changes in hydrogen charg-

i ng e f f i c i enc ies, can occur on hydrogen inlet surfaces .

The possibility of sur face  reactions between an iron mem-

brane  and its environment has led to the practice of p la t ing the

entry and/or exit  surfaces wi th a supposedly nonreactive metal

which would prevent rc~actions between the environment and the

substrate . Pal ladium is commonly chosen for this purpose . An

ear l ie r  publication details early experiments performed at the

Un ivers i ty  of Rhode Is land which were aimed at evalua t ing  the ef-

fects of various palladium-coating techniques on measured hydro-

________________ 
I
I
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gert permeation fluxes (10) . Figure 3 is reproduced from this

report and shows that hydrogen permeation curves , while main-

taining the same general shape, are definitely influenced by the

presence of palladium coatings, as well as by their application

method . Examination of sample surfaces, both before and after

permeation experiments, led to the conclusion that the better

( i . e .  thicker with fewe r cracks or holidays) the palladium coat-

ing , the h igher the measured hydrogen permeation flux.

Subsequent work led to the adoption of electroplated-palla-

dium surfaces for all permeation samples . The electroplated sur-

faces yield higher fluxes than those shown in Figure 3, and sub-

sequent examination of the inlet and exit surfaces using the

scanning electron microscope revealed a lower incidence of coat-

ing defects than were noted on surfaces that were palladium-

coated using other techniques (39).

If the purpose of a hydrogen permeation experiment is to

study the mass transport of hydrogen through the metal membrane,

then the following criteria must be met for coatings on entry

and exit surfaces.

1. The surface/environment interface must not become al-

tered during the course of the experiment. Ideally the

surface would not corrode during the course of the ex-

periment, because corrosion could yield altered entry

kinetics due to the replacement of an initial metal/

environment interface with a combination metallic-corro-

sion product surface in contact with the environment.

The hydrogen reaction kinetics on metal oxides are to

be expected to be different from those of the original
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metal, and experimental evidence is available to sugeest

tha t metal oxides are ef fec t ive  hydrogen permeation

barriers (40—43)

2. Reproduceable hydrogen entry kinetics must be maintained

between various samples. This requirement is twofold.

First , if mass transport is to be studied , a method

mus t be available whereby the same f l u x  can be intro-

duced into samples having different mass transport

characteristics. Variations in sample chemistry , heat

treatment, or mechanical loading have been postulated

to alter hy drogen mass t ransport  through meta l perrnea-

tion membranes. These same variations can also alter

surface  entry (or exit)  reactions , and thus the need

for separating the surface effects from mass transport

ef fec t s  is maintained. Addit ional ly,  a technique that

insures reproduceability of permeation fluxes between

replicate samples would allow the conclusion that changes

in mass transport between samples having replicate entry

and exit surfaces , but di f fe rent  substrates, could be

ascribed to differences in mass transport through the

substrate. Comparisons of this type have been the ob-

jective of several hydrogen permeation studies, but lack

of control over surface conditions has made most of the

reported conclusions questionable ( 4 5 ) .

3. The coating should not be mass—transport rate controll ing.

This can be simply checked by changing the thickness of

• the entry and exi t surface coatings. If the same per-

/ 
_ _ _ _ _  

•
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meation f luxes are noted , then the thickness , and th us

the mass transport, of the surface coatings does not

have a measureable e f fec t  on the measured hydrogen per-

meation flux.

Figure 3 compares the hydrogen permeation fluxes obtained

using different coating techniques. A comparison of the coating

method used shows that higher fluxes were obtained with palladium

coating methods which produced better coating-substrate bonding ,

fewer holidays, and less corrosion of the iron substrate . In

other words , the better the palladium coating, the higher the

hydrogen flux level. Figure 3 shows the results on Armco iron

substrates. Subsequent work showed that electroplated palladium

produced higher, more reproduceable flux levels. A concurrent

change to Ferrovac E substrates, discussed below , prevents pre-

sentation of the electroplated-palladium data on Figure 3. Fig-

ure 4 compares permeation transients through Ferrovac E samples

having electroplated paladium entry and exit surfaces versus no

surface coatings.

The reproduceability of data using Ferrovac E samples is

• shown in Figure 5. The need for saturating samples or using

normalized f lux  measurements to compare data between d i f fe rent

samples has obviously been eliminated by choosing reproduceable

entry kinetics (electroplated palladium en try surfaces) and re-

produceable permeation membranes (Ferrovac E ) .

The question of whether or not palladium coatings alter the

measured mass t ransfer  rate of hydrogen through a palladium—iron-

• palladium membrane needs to be examined separately insofar as

hydrogen entry and mass transfer are concerned. Figure 6 shows

t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~
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hydrogen permeation transients throuQh two Ferrovac E membranes,

one of which had a palladium coatinq thickness twice that of the

othe r .  No measureable  d i f f e r e n c e  was obtained in experiments of

th is  type at arty f l u x leve l using either e lectrolyt ic  or qas-

phase charqi ng.  This led to the conclusion that  the thickness

of the pa l lad ium layer did not alter the mass transport proper-

ties of the pal ladium-iron-pal ladium membranes . Thus it could

be assumed that any d i f fe rences  measured were due to the permea-

bility characteristics of the iron membrane. A further test

was to alter the thickness of the iron membrane and see whether

or not the permea t ion resul ts we re cons istent with the predicted

re la t ionsh ip  tha t steady state f l u x  should vary linearly with

inverse f l ux ( 2 3 , 25 , 4 7 )  . Figure 7 shows results for three dif-

ferent gas-phase charging pressures which indicate that the flux

levels were controlled by the sample thickness and not by sur-

face effects or palladium-iron interface effects (25). Similar

effects could not be determined for electrolytic charging due to

the lack of a steady-state flux. This lack of a steady-state

flux will be discussed in more detail later in this report. A

recent pa per by Early of the Nat ional Bureau of Standards (46) dis-

putes the earlier claim by Namboodhiri and Nanis that hydrogen

permeation is concentration dependent (15). Early reports steady—

state exit surface fluxes on palladium membranes (measured as

potentiostatic current) which are up to 94% of the entry surface

cathodic charqing current. This suggests that virtually all of

the electrolytic hydrogen being generated on the inlet surface

• is being absorbed into the membranes and transported to the exit

surface. A seemingly contrasting set of results was presented by

- - ----——-—._ _ _ _ _
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Chigirinskaja and coworkers who showed that the introduction of

palladium ions into  the cathodic cell of a permeation apparatus

wc~u 1~ I l ower the measured hydrogen permeation flux through an

iron membrane , supposedly due to the inhibiting action of palla-

dium metal ions which would be deposited on the iron surface (47).

The seeming differences in results between those reported by

Early and by Chigirinskaja , et al , may be due to differences in

charqing current density (1 x 10 6 amps/cm2 for Early, 1 x l0~~

amps/cm 2 for the Russians). The results of Figures 3 would seem

to contradict Chigirinskaja , et al, and be more in agreement with

Early. The electrolytically-charged hydrogen permeation experi-

ments conducted in this investigation tended to use charging cur-

rent densities in the 1 am p/cm2 range (26) similar to those

reported by the Russians and several orders of magnitude higher

than that reported by Early . Whether or not palladium increases

or decreases the hydrogen recombination step of the reaction

2H + + 2e -
~ 2H ° -

~~ Fl 2
- - seems to be s t i l l  open to question , and the eff iciency of the re-

combination reaction can obviously a f f ec t  the amount of hydrogen

available for mass transport in a manner similar , but perhaps

opposite , to that postulated by Smialowski for hydrogen recomb i-

nation poisons such as arsenic and cyanide (48).

Smialowski suggests that gas-phase hydrogen charging should

be somewhat analogous to liquids , and those elements , ions , or

compounds which tend to promote either hydrogen recombination or

hydrogen entry are likely to behave in a roughly similar manner

in both the liquid and gas states .
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The fact that palladium can be expected to remain unreacted

in many environments where iron would react can be shown by com-

paring Figures 8 and 9, the potential -pH Pourbaix diagrams (49)

for iron and palladium. Figure 9 suggests that palladium hy-

drides may form under certain conditions . Extrapolation of

Early ’s calculations (46) on this question to the current densi-

ties and sample thicknesses used in these experiments suggests

that  this  may have occurred. Nonetheless the da ta shown in Fici-

ure 6 suggests that mass transport through the palladium iron-

pal l adium membranes was not measureably af fec ted  by any pal ladium

hydrides which may have formed.

The resul ts  of the investigations into surface reactivity

and sur face  coatings may be summarized as follows :

1. Uncoated entry and exit surfaces were shown to react

wi th all electrolyt ic  an d gaseous environments examined.

This created time-dependent alterations in hydrogen en-

try reactions which could not be modelled as thus needed

to be avoided .

2. Electroplated palladium entry surface produced identical

hydrogen permeation fluxes when applied to replicate

Ferrovac E iron substrates. These surfaces did not

degrade over the course of permeation experiments of up

to one week .

3. The presence of 2000 ~ of electroplated palladium did

not al ter  the hydrogen mass t ransfer  rate through i ron

samples approximately 5 -- 10 x io
_2 

cm thick . 

~~~~~~~—.~~-- . . - . - - - , -
~~~~~ 

. . -
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El ectrochemical Charging Experiments:

A previous Univers i ty  of Rhode Island report discusses the

fac t  that , at  that  time , we had been unable to produce the steady-

sta te hydrogen permeation fluxes reported in other laboratories .

Extensive e f f o r t  at this university resulted in modificat ions to

the electrolytic cell design , membrane substrate identity , and

surface  coa ting procedures discussed above . Nonetheless, no

reproduceab].e long term steady—state hydrogen permeation fluxes

were achieved in any experiments on electrochemically—charged

hydrogen permeation experiments on iron membranes . For this rea-

son , a standard procedure was adopted whereby all electrolytic

charging experiments were terminated after approximately one week

(168 hours) of electrolytic charging.

Figure 10 shows an electrolytically-charged hydrogen per-

meation transient. The hydrogen flux is obviously still increas-

ing after 100 hours. Thus the apparent diffusivity , which has

commonly been calculated based on the time to reach a designated

fraction of steady-state flux (10,23,25,47,50) cannot be deter-

mined from data which does not reach steady-state. An earlier

University of Rhode Island report discusses wide discrepancies

in data based on time to reach a stated portion of steady-state

permeation fluxes (26). Recent reports by other organizations

have acknowledged the lack of steady-state fluxes , at least on

occasion , with electrochemical charging (13,22). Thus the data

reviewed in this laboratory ’s previous report must be considered

with renewed skepticism , and the possibility exists that any steady-

state f luxes which have been reported must be considered to be ,

possibly, the result of a surface degradation , which would reduce

_______________ 
( —— 
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hydrogen entry efficiency, being balanced by a long-term tendency

towards increasing fluxes .

The electrochemical hydrogen permeation technique must, of

necessity, postdate the development of the potentiostat . Thus

no hydroqen permeation data is available prior to Devanathan

and Stachurski’s 1962 report. Nonetheless, earlier experimental

literature , reviewed by Barrer in 1941 (19) and updated by Davis

and coworkers for steels in 1961 (51) would indicate support

for substantially slower diffusivities at low temperatures than

have frequently been reported using derivations of the Devanathan

and Stachurski technique (26)

Early reviewed the literature available on hydrogen permea-

tion in palladium and compared it with his data on permeability

obtained using the electrolytic technique . He reported values

of the order of 3 x l0~~ cm
2/sec , in substantial agreement with

the values of Devanathan and Stachurski. These compare with values

for iron in the l0~~ cni2/sec range summarized in our earlier re-

port (and repeated in Table 1) (26). It is interesting to note ,

however, that hydrogen is frequently purified by passing through

palladium membranes . If the permeability of iron were , in truth ,

faster , it would seem that the cheaper material would be used

for this purpose.

While a number of problems have been identified in trying to

use electrochemically-charged hydroqen permeation membranes , this

still appears to be the only available technique which can intro—

duce the hiqh hydroqen fluxes necessary to characterize hydrogen

permeation associated with hydrooen embrittlement and stress cor-

j rosion cracking.

& 
_ _ _

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~



Comparison of Electrochemical and Gas-Phase Charging Experiments:

Results of the gas-phase charc’ing experiments conducted in

this laboratory have been discussed in detail in an earlier re-

port (25) and will only be summarized here .

Comparison of the electrochemical charging data of Figure

3 with the gas-phase charging data of Figures 4 and 5 reveals

that the time necessary to reach steady-state fluxes was sub-

stantially shorter for gas-phase charging experiments than it

was for electrochemical charging. Initial experiments were run

for periods of more than one week to check for the possibil i ty

of any long-term f lux  increases . None were noted in any gas-

phase charging experiments conducted in this investigation.

The lack of a long-term increase in the qas-phase experiments ,

and its presence in the electrochemical experiments , may be due

to a fundamental difference between the two techniques , which

were intended to provide complementary data . What seems more

likely is that the high hydrogen fluxes encountered in the elec-

trochemical charging experiments caused greater changes in hydro-

gen trap densities, or occlusion rates (52), than were caused by

the lower flux levels of the gas-phase experiments. The nossi-

bility exists that longer gas-phase charging experiments, achiev-

ing the same total integrated hydrogen flux through the permea-

tion membrane , might have caused s imi lar  long-term increases in

f l u x  rates in gas—phase experiments . However , the possibi l i ty

also exists that trap growth and diffusion-related permeation occur

competitively and, at certain flux levels, the effect of one phe-

nomenon would mask , and preclude the detection of, the other. This 

_ _ _ _ _
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type of situation has been demonstrated in the relatively long—

term (100 hours and more) elevated—temperature steel outgassing

experiments reported by Werner and Davis (51).

Other explanations involve the sensitivity of the instrumen-

tation used in this experimentation . The cathodic current den-

sities used in this investigation were chosen to replicate the

range of current densities commonly reported in the literature

summarized in Table 1. The practice of normalizing flux data

(presenting reported fluxes as fractions of steady—state fluxes)

prevented any logical prediction of the relative exit surface

fluxes to be obtained using electrochemical charging and gas-

phase charging. An attempt was made to accomplish an overlap

in flux levels between the lowest fluxes achieved by electro-

chemical charging and the highest fluxes obtained by gas-phase

charqing. Figure 10 shows the electrochemical charging transient

for the lowest current density employed in this research , approx-

imately 3 x l0~~ amps/cm
2 after 100 hours. This is three times

the highest steady-state flux achieved by gas-phase charging (25).

Thus no direct comparison between charging rates at the same flux

levels was possible based on the experimental results of this in-

vestigation .

A more important comparison between the data is that, even

when steady-state permeation fluxes were achieved for gas—phase

charging experiments , the times necessary in this research for

the permeation curve to level off or reach steady-state are con-

siderably longer than times reported elsewhere (23,32,35,53 ,54).

The times to steady-state reported elswehere range from 10 minutes

L
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down to 1 minute (23,32,35,53 ,54). These researchers do not show

the permeation transients for a long-term situation , say 10 hours .

In this study a steady-~ tate was reached in most cases in less

than 5 hours, but in a few cases steady—state was not attained

until 10 hours .

Thus in either case, electrochemical or gas-phase charging ,

the diffusivities obtained in this research, assuming the mathe-

matica l treatments of McKnabb and Foster (12) as adopted by Boes

and Zuchner (50) are appropriate , yield slower diffusivities

than most of those that have been reported elsewhere . In any

case, the data indicates a slower , or perhaps in some cases non-

existent, achievement of steady-state flux levels. The reproduce-

ability of the experiments in this investigation , as compared to

those frequently reported elsewhere , leads us to believe that

this slowly-achieved, or perhaps nonexistent, steady-state flux

level is not an experimental artifact. Recent mention in print

of the same phenomenon by other universities, at least for elec-

trolytically-charged membranes , lends credence to this idea (13,

24).

ME TALLURGICAL STUDIES

• The electrochemnical hydrogen permeation technique has been

• used to study the effects of a number of metallurgical variables

on hydrogen permeation .

An early attempt in this laboratory was to determine the

e f f e c t s  of el ectroslag remelting on the hydrogen permeability ,

and thus the hydrogen susceptability, of high strength steels.

-- --.-- -- 
~~~

- •- -• .
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The reluctant conclusion of this research was that the experi-

mental sensitivity of the technique was not sufficient to detect

the differences , if any , in the hydrogen trapping characteristics

of the materials tested (45)

A review of attempts by other organizations to measure the

effects of alloying variables on hydrogen transport reveals a

common tendency to not separate the hydrogen entry phenomena , which

can be markedly affected by alloying, from the mass transport

effects , which remain to be proven . It is suggested that using

a nondegrading , reproduceable surface coating, such as the 2000

thick electroplated palladium coatings used in this research ,

would allow unambiguous separation of mass transport effects from

surface effects.

SUMI4ARY

The results of this research can be summarized as follows :

1. Hy droqe n permeation f luxes  t~’ro uqh iron membranes have

been demonstrated to be a f fec ted  by the react ivi ty of

the membrane surfaces . The use of electroplated palla-

• dium entry and exit surfaces is recommended if the ob-

ject of the study is to measure hydrogen mass transfer

rates through a ferrous, or similar metal, membrane .

2. The apparent hydrogen diffusivity rates determined in

this research are slower than those commonly reported

in the literature .

3. Diffusivities based on times to reach steady—state could

not be calculated for electrochemically charged membranes
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because steady-state fluxes were never reached durinq

the one-week duration of the permeation experiments .

4. An attempted determination of the effects of electro—

slag remelting on the hydrogen permeability of hiqh

strength steels could measure no significant difference

• between the steels tested .

t
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TABLE 1. LITERA TU RE VALUES OF HYDROGEN PER!-~EATION DATA FOR IRON AND STEEL (26)

APPAR~~T
DII’Ft~~ VITY (31AR. I?4~ tNT FT C L ~~ h’\

SOURCE YEAR MAT~~~IAL 4P~0C~ (x 10~ c,r2 ue~~1 ~4Et’1~1N ~~ Y& ’I’&: MFm~ ;

Namboodh iri and 1972 Armco Iron 22 2.14 — 3.48 N~ )H -- -  t
Nanis 0.5

Armco Iron 22 5 . 5 3  — 8.45 R
2s04 

—— -

4340 22 0.667 — 1.140 NaOH ——- t
0 5

4340 22 1.71 — 2 19 R2504 to.5

Namboodhiri and 1970 Armco Iron
Naflis 2% Cold Rolled 21 0.50 NeON ——- t 0 , ~

Gileadi 1966 Armco Iron 27 2.0 NeON —-- Unsta ted

Fe—cR(10%) 27 0.002 NeON — —— Ur.stated

Dillard 1972 Zone Refined 24 7.0 — 7.8 112S0 63
Iron with AS~ O 3

Bockris and 1962 Armco Iron 25 + 2 8 .3  Var i.OUS 63
Devanathan 

___________ ________________ ______________ __________ ____________

Beck , Bockris , 1970 Armco Iron 27 5.0 NeON --- t
Genshaw , and 0.5

S~~ ramanyan Armco Iron 80 9.0 NeON t
0 ~

Devanathan and 1962 Armco iron 24 + 2 3.5 - 8.9  H 2S04 and t0 6 3
Stachurs ki NeON

Wach , Miodownick , 1966 High Purity 25 2 . 5  Gas Phase --- t0
Mackowiak Iro n

Fonta na and Wang 1972 4340 25 .01 — .032 0.2N NeON — ——

Beck , Bockri s , 1965 Zone Refined 25 ± 1 6.05 NaON --- Unstated
McBreen , Nanis Iron

Arm co Iron 25 + 1 6.02 t4aOH --- Unsta ted

Axinco Iron 25 ± 1 8.25 NeON Unstat ed
Single Crystal

4340 25 + 1 . 0.0251 NaO}I -—- Uns ta t ed

Kum nick and 1974 Arinco Iron 25 1.3 NeON or Son e Pd t0 6 3
John son Gas Phase

Berman , Beck - 1974 4340 25 .025 NeON + NaCN ———
• and DeLuccia

Beck , Bockris , 1966 4340 Unstated 0.11 N~OH + NaCH —- t0 5
McBre.n , and Planks

Ru and Loginoi, 1968 3N1 — 1.5 Cr 25 0.06 3 - 0.3  NeON t0 63
0. 5 P~~ Steel

~3.rman 1974 BY 130 25 0.01 — 0.04 tJna t.at.d --- Onstat ed
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